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Abstract
In the last decade, R&D for detectors for the future International Linear Collider (ILC) has been performed by the
community. The International Large Detector (ILD) is one of two detector concepts at the ILC. Its tracking system
consists of a Si vertex detector, forward tracking disks and a large volume Time Projection Chamber (TPC). Within
the LCTPC collaboration, a Large Prototype (LP) TPC has been built as a demonstrator. Its endplate is able to house
up to seven identical modules with Micro-Pattern Gas Detectors (MPGD) ampliﬁcation. Recently, the LP has been
equipped with resistive anodeMicromegas (MM) or Gas ElectronMultiplier (GEM) modules. Both the MM and GEM
technologies have been studied with an electron beam up to 6 GeV in a 1 Tesla solenoid magnet. After introducing
the current R&D status, recent results will be presented including ﬁeld distortions, ion gating and spatial resolution as
well as future plans of the LCTPC R&D.
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1. Introduction
The ILC is a planned e+e− linear collider which com-
plements the physics program of the LHCwith high pre-
cision measurements. Therefore, the requirements for
the detector performance are very high [1]. The detec-
tor concepts are optimized to utilize the Particle Flow
Concept [2]. A central part of this strategy is a very
good tracking system. The physics requirement for the
momentum resolution is Δ (1/pT) = 2 · 10−5 GeV−1.
For the International Large Detector (ILD) a Time
Projection Chamber (TPC) is planned as the central
tracking device. The TPC alone has to provide a mo-
mentum resolution of Δ (1/pT) = 10−4 GeV−1. This can
be translated into a point resolution of ∼ 100 μm over
the full drift length. With up to 200 position measure-
ments along a particle track the TPC oﬀers an excel-
lent pattern recognition capability and a tracking eﬃ-
ciency close to 100% down to low momenta. In addi-
tion, only a very low material budget is placed in front
of the highly segmented calorimeter, especially in the
barrel region where the TPC stays below 5% of a radi-
ation length X0.
In order to reach such a resolution micro-pattern gas
detectors are the preferred option for gas ampliﬁcation
at the anode.
2. Large Prototype and Testbeam Setup
The Large Prototype (LP) has been built within the
LCTPC collaboration [4, 5] to compare diﬀerent read-
out modules under identical conditions and to address
integration issues. The ﬁeld cage (Fig.1) has a length of
61 cm and a diameter of 72 cm. It can reach a cathode
voltage of up to 24 kV, which corresponds to drift ﬁelds
up to 350V/cm suﬃcient for common gases. Compos-
ite materials were used to achieve a low material budget
of 1.24% of a radiation length X0 [6].
The endplate can house up to seven modules each
with a size of about 22 × 17 cm2. The design of the
endplate and the module placement resembles a cut out
oﬀ a large scale endplate. The DESY test beam facil-
ity [7] provides an e− beam up to 6GeV. The LCTPC
collaboration has built a setup that includes a 1 Tmagnet
which determined the size of the LP. This is mounted on
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Figure 1: Design and dimensions of the LP ﬁeldcage [6].
a movable stage, enabling a movement of the LP around
three axes.
3. Micro-Pattern Gas Detector TPC Modules
Several readout modules have been designed using
either GEMs and MMs for gas ampliﬁcation and are
read out by a segmented pad plane or TimePix chips [8].
Here, only the pad-based readouts are presented.
1. Asian GEM Module [9]
This module uses two 100 μm thick laser etched
GEMs for the gas ampliﬁcation. The GEMs are
stretched and mounted on a frame that has no side
support, in order to minimize the dead space at the
border of the module pointing towards the interac-
tion point. Each module has 28 rows of 1.0 to 1.2 ×
5.4 mm2 sized pads which gives ≈ 5000 channels
per module.
2. DESY GEM Module [10]
In this design, the overall material budget and
dead space was minimized. The triple GEM stack
uses standard CERN GEMs with a thickness of
50 μm. The GEMs are mounted on thin ceramic
frames [11] (Fig. 2). The pad layout with 1.26 ×
5.85 mm2 pads in 28 rows is very similar to the
Asian GEM module. Both GEM modules share
the same readout electronics; therefore 3 half mod-
ules can be equipped with the available electronics
channels to cover the full lever arm of the LP end-
plate.
3. Micromegas Module [12]
This module implements Micromegas for gas am-
pliﬁcation. Due to a lack of diﬀusion in the short
ampliﬁcation gap a resistive foil is used to spread
the charge over several pads and to protect the elec-
tronics. A pad size of 3×7 mm2 with 24 rows with
72 pads was chosen. With this size, an integrated
readout electronics can be used with the chips di-
rectly mounted on the backside of the module.
The total number of channels per module is 1728.
Seven modules have been tested at the LP setup in
with a then fully equipped endplate (Fig. 3).
Figure 2: Design of the DESY GEM module with a thin ceramic
frame (visible in white on the left picture) to mount the triple GEM
stack (right).
Figure 3: Fully equipped endplate with 7 Micromegas modules al-
ready fully connected to the readout electronics. The LP is inserted
into the 1 T magnet at the DESY testbeam.
4. Single Point Resolution
The single point resolution is one of the main per-
formance benchmarks the technology and the modules
have to deliver. With several testbeam campaigns with
the diﬀerent module technologies it has been demon-
strated that all modules show comparable performance
in resolution. This is shown in Fig. 4.
These results have been obtained in a magnetic ﬁeld
of 1 T whereas the ﬁnal detector will be operated in a
magnetic ﬁeld of 3.5 to 4 T. This higher magnetic ﬁeld
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Figure 4: Comparison of the single point resolution at B=1 T for three
diﬀerent modules.
reduces the transverse diﬀusion which governs the rise
observed with larger drift distance. In order to demon-
strate that MPGDs are able to deliver a single point res-
olution of 100 μm over a large drift distance of more
than 2 m, a measurement was done with a smaller pro-
totype. This was equipped with a triple GEM stack that
was able to ﬁt in a 5 T magnet [3]. Fig. 5 shows the sin-
gle point resolution achieved at the design ﬁeld of 4 T.
By extrapolating the data by ﬁtting the diﬀusion depen-
dence, it was shown that the goal of a resolution of 100
μm over the full drift range can be achieved.
Figure 5: Single point resolution at B=4 T with a small GEM proto-
type including an extrapolation to the full ILD TPC drift length.
5. Field Distortions
Field distortions occur at the border of the mod-
ules due to a potential gap. A ﬁeld simulation with
CST™ [13], depicted in Fig. 6, shows that this eﬀect can
be reduced by installing a ﬁeld shaper in the gap region.
Such a ﬁeld shaper improves the collection eﬃciency of
electrons at the module borders as shown in Fig. 7. The
agreement between data and measurement is very good.
The distortions do not only cause charge loss but also
a deﬂection of the drifting electrons from their original
path especially if a magnetic ﬁeld is present where E×B
eﬀects play an important role. Fig. 8 shows the distor-
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Figure 6: Field simulation of the triple GEM stack without (left) and
with (right) an additional ﬁeld shaping wire. The electric ﬁeld compo-
nent transverse to the drift ﬁeld is shown. The ﬁeld inhomogeneity at
the border of the module causes a displacement of primary electrons.
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Figure 7: Comparison of the charge collection eﬃciency with and
without the addition of a ﬁeld shaping wire and between simulation
and measurement.
tions of the electron arrival with respect to the measured
track. The transition region from one module to the next
is clearly visible. The importance of a good ﬁeld shap-
ing at the border is demonstrated by comparing a mod-
ule with and one without this additional shaping. With
the ﬁeld shaper, the deﬂection is limited to a small range
around the module border, while without ﬁeld shaping it
can extend over the whole module. While such a deﬂec-
tion can be corrected oﬄine, the eﬀect of this deﬂection
on the resolution can not be fully recovered. The single
point resolution as function of the row on the module is
shown in Fig. 9. Even after the correction of the electron
displacement, due to the distortion, the resolution is de-
graded at the border of the module. This eﬀect is much
stronger for a module without ﬁeld shaping. It is there-
fore important to limit the eﬀect of the ﬁeld distortions
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Figure 8: Displacement of measured hits in the rφ plane with respect
to the track as function of the module row along the track.
already on the hardware level.
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Figure 9: Single point resolution in the rφ plane as function of the
module row along the track.
6. Ion Back Flow
During the ampliﬁcation in the MPGD readout ions
are produced which can travel back into the drift region
of the TPC. MPGDs have the intrinsic capability to sup-
press this ion back ﬂow. A triple GEM stack at a mag-
netic ﬁeld of 4T can reach an ion back ﬂow (current on
cathode / current on anode) of 2.5  [14]. The rele-
vant question is how big the deﬂection of the incoming
electron is due to ﬁeld distortions caused by the back
drifting ions.
At the ILC, particles arrive in bunch trains which are
1 ms long. After each bunch train there is a gap of 199
ms without any interactions. Each bunch train will cre-
ate one ion disk that causes ﬁeld distortions in the drift
volume. Due to the slow ion drift, three such disks will
be inside the drift volume of the TPC at all times as il-
lustrated in Fig. 10.
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Figure 10: Each bunch train creates one ion disk drifting slowly to the
cathode. With a gating scheme each disk can be reduced after creation
near the readout to avoid ﬁeld inhomogeneities in the drift region for
the incoming particles from the next bunch train
The charge distribution in the ion disk is dominated
by machine-induced background as shown in Fig. 11.
With a the optimistic assumption that only 1 ion per in-
coming electron reaches the drift region, the distortion
to the incoming electrons can be computed. The result
is depicted in Fig. 12 where it is shown that for the inner
radii a distortion of up to 60 μm can be accumulated.
Figure 11: Charge density proﬁle within an ion disk created by a
bunch train of machine-induced background.
The large time interval between bunch trains allows
to operate a gating scheme. This removes each ion disk
directly after each bunch train above the readout plane
as indicated in Fig. 10. Ion gates have been traditionally
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Figure 12: Distortion to the electron path at diﬀerent radii in the TPC
when crossing the ion disks.
built with wires. But LCTPC is developing a MPGD so-
lution to match the advantages of the modules of having
small structures and almost no E × B eﬀects. Currently
R&D has been started to study if Large Aperture GEMs
could be a solution. They could oﬀer the necessary op-
tical transparency above 85 % as not to degrade the spa-
tial resolution. First prototypes have been produced as
seen in Fig. 13 and are currently being tested.
Figure 13: Large aperture GEM prototypes.
7. Outlook
The LCTPC collaboration has delivered the proof
of principle that both MPDG technologies, GEMs and
Micromegas, can deliver the single point resolution to
reach the performance required for a TPC at the ILC.
The focus is now moving towards improving the mod-
ule designs in terms of minimizing the ﬁeld distortions
at the borders. Another urgent item is the design of a
gating device for the MPGD modules as this will have
an impact on the module design itself. For the modules
themselves, long term stability and production consider-
ations are becoming increasingly important. The collab-
oration is starting to look into the mechanical realization
of an ILD sized TPC including electronics, cooling and
high magnetic ﬁeld requirements.
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